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ABSTRACT

Basically, the pristine polyethersulfone membrane has a relatively low performance for selective permeation of
CO,/CH, gasses. The incorporation of various inorganic nanoparticles has been studied to enhance the permselectivity
of the membrane. Unfortunately, the existence of inorganic species in the polymer matrix often forms less selective
voids as a result of low affinity between nanoparticles and the membrane. In this study, membrane surface
modification comprising of UV irradiation and thermal annealing was performed to improve the permselectivity of
nanohybrid polyethersulfone membrane for CO,/CH, separation. The polyethersulfone-SiO, nanohybrid membranes
were fabricated via a nonsolvent induced phase separation (NIPS) method and subsequently modified using UV
light irradiation and thermal annealing treatments. The experimental results showed that 10 min UV irradiation on
pristine polyethersulfone membrane enhances membrane’s selectivity from 1.25 to 3.75 due to the formation of free
radicals in numerous sites of the membrane surface. However, a longer irradiation time leads to the reduction of
membrane’s selectivity to 1.08 due to polymer degradation by the free radicals. The combined UV irradiation and
SiO, incorporation to the membrane exhibited a synergistic effect where the permeability of CO, and CH, improved
from 70.69 to 9425.84 and from 40.40 to 706.94 GPU, respectively, whilst the selectivity increased from 1.75 to
13.33. The nanohybrid membranes showed the best permselectivity performance when they are UV irradiated for 15
min and thermally annealed at 180°C for 20 s to achieve 33.33 of selectivity. This study revealed that UV irradiation
and thermal annealing were able to increase the attachment of the SiO, nanoparticles, which finally increase the
permselectivity performance for CO,/CH, separation.

Keywords: Gas separation; Nanohybrid; Polyethersulfone; Silica dioxide nanoparticles; Thermal annealing; UV
irradiation.

INTRODUCTION

Energy supply has been one of the world’s most serious problems for decades. This is due to the fact that the
sustainability of fossil energy is getting limited. Oil and gas had been reported to supply 51.66% of the world’s
electrical power demand in 2009. Therefore, efforts on searching for alternative energies as fossil energy substitutes
are becoming more challenging for future energy developments.
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Biomethane, which can be obtained from the purification of biogas, is an essential substitute for natural gas (Scholz
et al., 2015). Unfortunately, the presence of CO, in biogas causes a serious reduction of its calorific value. In addition,
the coexistence of moisture and CO, in biogas has been reported to reduce the durability of biogas facilities due to
improved biogas corrosivity and acidity (Li et al., 2004). Absorption of CO, using amine solution has been one of the
most recommended methods to upgrade biogas to biomethane, yet it possesses a complicated process and requires
large financial investment (Li et al., 2005). The most promising alternative is the separation of CO, from biogas using
membrane separation system.

Zhang et al. (2013) observed that one of the common membranes used to upgrade biogas to biomethane is
Polyethersulfone (PES). Usually, PES is used as a dense membrane, and therefore a number of research groups
suggested modifications to enhance its gas separation performance (Ismail and Kusworo, 2007; Ismail et al., 2008;
Kapantaidakis ef al., 2002; and Li et al., 2002; Wang et al., 2010). PES modification can be done by ultraviolet (UV)
irradiation. According to Kwisnek and his co-workers (2011), membrane modifications via UV irradiation offer some
advantages; that is, the technology is already well known, has rapid processing, is eco-friendly, and has high energy
efficiency. UV irradiation can play two important roles on membrane matrices, i.e., UV-grafting and UV-induced
modification using nanoparticle (Mohammad et al., 2013). Besides UV irradiation, membrane modification can also
be done by adding nanoparticles to the membrane solution to form nanohybrid membranes. According to Ayral et
al. (2008), the addition of nanosilica will alter the gas transfer mechanism to the molecular diffusion mechanism
where the gas molecules enter the solubility site, followed by diffusion through the membrane using concentration
gradient as the driving force. These phenomena will lead to enhance the membrane’s gas separation performance.
Moreover, the incorporation of nanosilica into PES matrix material may increase the membrane’s mechanical strength
as previously observed by Sharif ef al. (2012). They found that the presence of nanosilica strengthens the adhesion
between the dense top layer and the PES matrix. Surprisingly, nanosilica particles also improve the tensile strength
and ultimate elongation of the PES membrane by 2.3 and 5 times, respectively.

Thermal annealing is one of the physical modification techniques that increases the selectivity of the membrane
to even higher values. Dong ef al. (2011) reported that thermal annealing on the polyimide membrane might increase
membrane selectivity by 15%. Later, Swaidan ef al. (2015) also investigated the thermal annealing on the polyimide
membrane for propylene/propane gas separation. They revealed that 250°C thermal annealing resulted in a selectivity
performance of the polyimide membrane for propylene/propane separation up to 30. Previous studies combined
thermal annealing and UV irradiation on both neat PES and PES nanohybrid membranes. This combined treatment
has been proven to successfully enhanced the performance of PES membranes for produced water treatment (Kusworo
et al., 2017a, 2017b). As far as the search of literature has been conducted, no research on the synergistic of thermal
annealing and UV irradiation on the PES-nanosilica membrane for gas separation has been reported. Therefore, the
objective of the current study is to investigate the influence of UV irradiation and UV irradiation time span on neat
PES membrane and nanohybrid membrane PES-nanosilica and the synergistic of UV irradiation and thermal annealing
with the variation of thermal annealing duration on nanohybrid membrane gas separation performance. Furthermore,
the membrane morphology and gas separation performance of the prepared membranes in the views of their selectivity
for CO, over CH, were also examined in this study.

MATERIALS AND METHODS

Materials

Polyethersulfone (PES) Veradel® PESU 3100P as membrane material was supplied by Solvay Advanced Material
(USA). N-Methyl-2-pyrrolidinone (NMP) from Merck was selected as solvent with regard to its low toxicity, while
the distilled water was employed as antisolvent in the coagulation process. Ultra-high purity grade of CO, and 99% of
CH, gas were purchased from PT. Aneka Gas Industri, Indonesia.
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Fabrication of PES membrane and nanohybrid PES-nanosilica membrane

The pristine PES membrane and nanohybrid PES membranes were prepared following the nonsolvent induced
phase separation (NIPS) method. The membrane was prepared by making 25% solid and 75% NMP solution. The
solid consists of pure PES or a mixture of PES and 0.5% nanosilica. The solution was stirred for 4 hours and then
left for 24 hours to accommodate the trapped air in the bubble completely leaving the solution (Zou et al., 2008).
The solution was then molded on a flat glass plate using casting knife and immersed in distilled water at ambient
temperature (30+2°C) for 24 hours to remove the remaining solvent (Pakizeh ef al., 2013). The same procedure was
carried out for the UV irradiated membrane for 5, 10, and 15 minutes. The irradiation was conducted before immersion
of the membrane in distilled water. The membrane was then slowly evaporated at ambient room temperature for 24
hours and further annealed at 180°C for 5, 10, and 20 seconds in an electric oven.

Membrane Morphology Characterization

Field emission scanning electron microscopy (FESEM) was employed to observe the membrane’s fibers dimension.
Prior to image analysis, the membrane samples were cracked in liquid nitrogen. The membranes were strapped on an
aluminum disk using a double surface tape, followed by placing and evacuating the sample holder in a sputter-coater
with gold.

Fourier Transform Infrared (FTIR) Analysis

The purpose of FTIR characterization is to determine the existence of the membrane’s functional groups. If
infrared radiation frequency is similar to the sample’s molecule specific vibration, then the molecule will absorb the
radiation (Vinodhini et al., 2017). This radiation will pass through the detected sample, and the spectra will show
infrared radiation difference as a function of frequency. The position of infrared absorption bands was presented as
a wavenumber that is proportional to their frequency. Absorption intensity bands depend on the molecule’s dipole
moment difference. Upon FTIR examination, all of the functional groups exist in the PES, and the nanosilica contained
in the membrane can be discovered.
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Figure 1. Gas separation equipment instrumentation.
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Gas separation test

The gas permeation properties of the flat nanohybrid membrane and pure polymer film were measured by the
variable volume method, using an upstream pressure of 2 bar-g, while the downstream pressure was kept atmospheric.
The high-pressure gas adjusted by a line regulator was introduced into the test cell. Permeation experiments were
carried out at ambient condition using experimental rig as depicted in Figure 1. The permeance (P/L) and selectivity
(a) can be expressed as equations (1) and (2), respectively (Ismail ef al. 2015):

§=(AP r? (1)

where Q. is the volumetric flow rate of gas ‘i’ at standard temperature and pressure, 4P is the
trans-membrane pressure drop (cmHg), and » = flat sheet membrane radius (cm). The permeance
is described in gas permeation units, GPU, (IGPU =1 x 10 cm® (STP) cm? s' cmHg™). The ideal

separation factor (gas A over gas B) of the membrane was calculated by

o= ) 2)

L

RESULTS AND DISCUSSION

The Effect of UV irradiation on the pristine PES membrane performance for CO,/CH, separation

Pure CO, and CH, gasses permeability isotherms for pristine PES membrane and UV irradiated membrane at
various exposure time and their selectivity are presented in Table 1. As seen in Table 1, the pure gas permeability of
CO, and CH, is 70.69 and 56.56 GPU, respectively, with a selectivity of 1.25 being observed. This low selectivity is
more likely due to the close kinetic diameter between CO, and CH,. The kinetic diameter of CO, and CH, is 3.30 and
3.80 A (Kentish et al., 2008), respectively, while the quadrupole moments are 3.14 x 102" and 0 x 10*' C.m? (Bae and
Lee, 2005), respectively. Based on their physical properties, the CO,/CH, separation over pristine PES membrane is
probably via the solution-diffusion mechanism rather than a size-exclusion mechanism. The selectivity of pure PES
membrane obtained from this study is in accordance with previous work where the average CO,/CH, selectivity using
PES membrane was in range between 1.08 and 1.60 at 2 bar transmembrane pressure (Nasir ef al., 2014), while, by the
modification using MDEA, the selectivity was enhanced up to 8.33 (Nasir et al., 2014, and Suleman ef al., 2016).

The UV irradiation was targeted to enhance affinity of the PES membrane’s surface to the CO, molecule, so that
its permeability can be increased. UV irradiation on PES membranes increased the CO, permeability as well as the
selectivity at 5- and 10-minute exposure times. CO, permeability and selectivity increase from 70.69 GPU to 83.17
GPU and from 1.25 to 2.94, respectively, as the PES membrane was UV irradiated for 5 minutes. Konruang et al.
(2015) also found that UV irradiation on the PES membrane enhances the hydrophilicity of the membrane surface
through the formation of free radical sites and hydrophilic functional groups. As proposed earlier, the CO, permeability
through the PES membrane enhanced due to its higher quadrupole moment than that of CH,.
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Table 1. UV light effect on PES performance in CO, gas separation from CH,.

Permeability (GPU) Selectivity
Treatment
€0, CH, CO,/CH,
Pure PES 70.69 56.56 1.25
PES + 5 min. UV irradiation 83.17 28.28 2.94
PES + 10 min. UV irradiation 353.47 94.26 3.75
PES + 15 min. UV irradiation 3534.69 3262.79 1.08

*) GPU = Gas Permeation Unit =1 x 10°cm? (STP)/cm? s cmHg

Both CO, and CH, permeability and selectivity are affected by the exposure length of PES membrane to UV
irradiation. The selectivity of the nanohybrid PES membrane with 5, 10, and 15 minutes of UV irradiation for CO,/
CH, separation was 2.94, 3.75, and 1.08, respectively. The formation of free radicals and hydrophilic functional groups
on the membrane surface as the effect of UV exposure occurred in the first 5 minutes. Therefore, CO, permeance
increases, while CH, permeance decreases due to differences in quadrupole moment. Long exposure of UV irradiation
to PES membrane (15 minutes) resulted in further increase of membrane’s permeability for both CO, and CH, but
with low selectivity. It is presumed that the formed free radicals and carbocation as the effect of high energy beam
carried by photon initiate the photodegradation of the PES polymer that led to the formation of an unselective void
in the membrane (Yousif and Haddad, 2013). According to Adib et al. (2015), high permeability and low selectivity
may be caused by the unselective void in the membrane, which drives the molecule transport mechanism to Knudsen
diffusion. This unselective void in the membrane can be indicated by the permeation test, where the permeabilities
of CO, and CH, are close to each other. Actually, the desirable mechanism in this gas separation of CO, from CH, is
molecular sieving or solution-diffusion with high permeability of CO, and low permeability of CH,.

The Effect of nanosilica incorporation followed with UV irradiation on the membrane’s performance

The incorporation of nanomaterial in membrane preparation is expected to provide the sieving separation
mechanism as well as to improve membrane structural properties. Li . (2007) and Ahn ef al. (2008) found that mixed
matrix membrane or nanohybrid membrane exhibits a better selectivity in gas separation than pure one. However,
the nanohybrid membrane reduces the gas permeability because the presence of membrane filler (silica or zeolite)
increases the membrane resistance.

This research compares the performance of the nanohybrid membrane and pure membrane for CO,/CH, gas
separation. Table 2 presents higher selectivity of nanohybrid membrane with silica than pure membrane. A denser
membrane leads to the reduction of CH, permeability, which promotes higher selectivity. Table 2 also shows that
the reduction of permeability agrees well with the Maxwell model. Maxwell model predicts that membrane with
nonporous filler will make the membrane become denser by which it reduces the gas permeability (Ahn e al., 2008).
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Table 2. Permselectivity of pristine PES, nanosilica embedded PES, and UV irradiated nanohybrid membranes.

Permeability (GPU) Selectivity
Treatment
CO, CH, CO,/CH,
Pure PES 70.69 56.56 1.25
PES-nanosilica (0.5 wt-%) 70.69 40.40 1.75
PES-nanosilica + 5 min. UV irrad. 282.78 235.65 1.2
PES-nanosilica + 10 min. UV irrad. 7069.38 706.94 10
PES-nanosilica + 15 min. UV irrad. 9425.84 706.94 13.33

*) GPU = Gas Permeation Unit=1x 10°°cm? (STP)/cm? s cmHg

Although inorganic filler can increase the membrane performance in gas separation, it also tends to reduce the
selectivity as the result of unselective voids formed by the detachment of nanoparticle and polymer. UV irradiation
for 15 min as posttreatment on the nanohybrid membrane increases the CO, permeability and CO,/CH, selectivity
by 13 and 10 times, respectively, more than those of the unmodified nanohybrid membrane. The permeability CO,
increased from 70.69 GPU to 9425.84 GPU and hence it dramatically increased the selectivity from 1.75 to 13.33.
These findings could be due to the increases of the attachment of SiO, nanoparticles into PES polymer caused by UV
irradiation on the nanohybrid PES-nanosilica membrane. This result agrees with previous work performed by Zou and
co-workers (2008) as they found that UV irradiation repaired the membrane structure mechanically and converted the
agglomerate into the mixture.

UV irradiation onto nanohybrid PES-nanosilica membrane will convert the agglomerate of membrane and
nanoparticle to form a homogenous mixture. The conversion is initiated by UV irradiation that modifies the membrane’s
surface structure. The addition of nanosilica without any posttreatment will worsen the performance of the membrane.
This is because the particles bond is not strong enough and will create holes or unselective voids in the membrane
(Zou et al., 2008). There will be also three possibilities on the effect in membrane’s permeability by the addition of
nanosilica membrane filler. The membrane filler acts as a trigger to molecular sieving mechanism; the membrane filler
will disturb membrane’s polymer structure and increase permeability; or the membrane filler will block membrane
surface and reduce gas permeability (Powell and Qiao, 2006).

Table 2 shows the effect of UV irradiation time span on membrane performances. As the UV irradiation time span
increases, the permeability and selectivity of the membrane in gas separation also increase. The longer UV irradiation
on membrane structure induces surface modification that creates a mixture of the nanohybrid membrane. The previous
study was conducted by Konruang et al. (2015) about the modification of polysulfone membrane using UV irradiation;
they explained that the UV irradiation on membrane material increased the hydrophilic property of the polymer. The
increase of polymer hydrophilicity may improve the adhesion between polymer and nanoparticles; this would remove
the unselective voids and it leads the attachment of the SiO, nanoparticles selectivity enhancement.

The Effect of Thermal Annealing on PES Membrane Performance for CO,/CH, Separation

Thermal annealing is one of the physical modification techniques to increase membrane resistant to plasticization
and increase membrane selectivity to separate CO, and CH,. Dong et al. (2011) showed that thermal annealing can
prevent membrane plasticization and increase selectivity. Furthermore, Dong et al. (2011) also explained that thermal
annealing can form a denser layer in a mixed matrix membrane to increase gas separation performance.
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Table 3 shows that thermal annealing on PES and nanosilica nanohybrid membrane increased the permeability and
selectivity of CO,/CH,. The membrane’s selectivity increased from 1.75 to 3 after thermal annealing treatment. The
membrane’s permeability also increased from 70.69 to 353.47 GPU and from 40.40 to 117.82 GPU for CO, and CH,,
respectively. Ansaloni et al. (2015) and Kusworo et al. (2013) reviewed that thermal annealing on membrane reduced
gas permeability, which leads to plasticization suppression. Plasticization is a condition where the membrane loses its
elasticity forming a plastic-like material, which is why the selectivity of the membrane decreases significantly. According
to Kusworo et al. (2013), thermal annealing reduces membrane segmental mobility in the nanohybrid membrane and
makes a denser membrane that affects the decreasing permeability. The denser membrane will stimulate the solution-
diffusion mechanism and increase selectivity. This study also confirms the previous study carried out by Zhuang ef al.
(2915). They performed the thermal treatment on the PES membrane at above T, (glass transition temperature) and
found that the thermal treatment caused the polymer to recrystallize, and the membrane gas separation performance
enhancement was observed including selectivity, stability, and plasticization resistance.

Table 3. Thermal annealing effect on PES performance in CO, gas separation from CH,.

Permeability (GPU) Selectivity
Treatment
Co, CH, CO,/CH,

PES-nanosilica 70.69 40.40 1.75
PES-nanosilica + Thermal annealing 353.47 117.82 3
PES-nanosilica + UV irradiation 9425.84 706.94 13.33
PES-nanosilica + UV irradiation 10 min -Thermal annealing

8836.73 353.47 25

180°C for 15 seconds

*) GPU = Gas Permeation Unit =1 x 10°cm?® (STP)/cm? s cmHg

The CO,/CH, permselectivity of thermal annealed PES membrane at prolonged annealing time

As mentioned in the previous discussion, thermal annealing improves the antiplasticization behavior of the PES
membrane. The evaluation of the effect of thermal annealing on the membrane performance at various annealing
time is presented in Table 4. Membrane selectivity increased from 7.5 to 25 for the prolonged thermal annealing
from 5 to 10 seconds and stabilized on 33.33 for 20-second thermal treatment. Table 4 also shows that CO, and CH,
permeability were increasing with the increase in the thermal annealing time span.

However, Table 4 shows that the longer time of thermal annealing treatment gave higher CO, permeability. It shows
that plasticization was still happening; plasticization would reduce membrane durability. Plasticization is a condition
where the membrane loses its plasticity and loses its selectivity performance. Although Dong et al. (2011), Ansaloni
et al. (2015), and Kusworo et al. (2013) mentioned that thermal annealing can reduce CO, permeability because
thermal annealing increases membrane density and immobilized membrane matrix movement, the densification of the
membrane skin layer also has been revealed by Azhari ef al. (2016) where the progressive heating on PES membrane
suppressed CO, induced plasticization and the selectivity of CO,/CH, separation increased. The high selectivity caused
by the enhancement of diffusivity can be a result of the generation of inner-chain charge transfer-complexes and the
relatively high selectivity was preserved due to the enhancement of plasticization resistance after being thermally
annealed. According to Dong et al. (2011), thermal annealing can increase mixed matrix membrane density that
finally increases the membrane performance. Density will increase with the increase of thermal annealing time span.
Kusworo et al. (2017a) reported that the increase of the thermal annealing time span would increase the membrane
density, which leads to improve membrane performance for gas separation.
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Table 4. Permselectivity performance of the thermal annealed nanohybrid PES membrane at various annealing time.

Permeability (GPU) Selectivity
Treatment
Co, CH, CO,/CH,
N . . 04 . . PR
PES .nanosﬂlca 0.5 wt-% + 15 minutes UV irradiation + thermal 3534.69 471.29 75
annealing T= 180°C, 5 seconds
+ ilica 0.5% + i irradiation +
PES .nanosﬂlca 0.5% + 15 minutes UV irradiation + thermal 2836.73 353.47 25
annealing T= 180°C, 10 seconds
+ ilica 0.5% + i irradiation +
PES + nanosilica 0.5% + 15 minutes UV irradiation + thermal 1178231 353.47 1333

annealing T= 180°C, 20 seconds

*) GPU = Gas Permeation Unit =1 x 10°cm? (STP)/cm? s cmHg
Fabricated Membrane Characterization

Membrane characterization was performed by the SEM surface morphology and FTIR tests. SEM surface morphology
test is a tool to determine membrane surface condition, while the FTIR test is a tool to determine the functional group in

the membrane. Pabby et al. (2009) suggested that membrane surface condition determines the gas separation mechanism;
therefore membrane characterization must be done as can be seen from Figure 2 and Figure 3.

O

(b)

o

(a) J%

Figure 2. FTIR spectra for the (a) PES + nanosilica 0.5%; (b) PES + nanosilica 0.5% with 15 minutes UV
irradiation; and (c) PES + nanosilica 0.5% with 15-minute UV irradiation +thermal annealing.
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Fig. 2 (a)-(c) show PES-nanosilica nanohybrid membrane’s FTIR functional group analysis. The FTIR spectra of
untreated PES-nanosilica nanohybrid membrane, PES-nanosilica nanohybrid membrane with 15-minute UV irradiation
treatment, and PES-nanosilica symmetric nanohybrid membrane with a combined 15-minute UV irradiation and 10-
second thermal annealing at 180°C treatments were depicted in Fig. 2 (a), (b), and (¢), respectively. PES membrane
was characterized with an absorbance peak at wave numbers 1578 and 1486 cm! in Figure 2, which refers to the
aromatic group, while nanosilica was characterized with an absorbance peak at wave numbers 1105 and 1075 cm™!
in the membrane, which refer to Si-O-C group that was cited from Stuart (2004). Zhang et al. (2013) also reported a
similar result of nanosilica absorbance peak, which is at wave number 1103 cm™.

Fig. 2 (a) and (b) show no differences in membrane absorbance peak. From Fig. 2 (a) and (b) it can be concluded
that ultraviolet irradiation treatment did not affect the chemical bonding on membrane between PES and nanosilica.
Ultraviolet irradiation only modified membrane-active site or top surface where the separation process occurred
(Chung et al. 2007). With ultraviolet irradiation treatment, nanosilica on membrane surface will disperse and reduce
agglomeration as in Fig. 3 (b).

Fig. 2 (c¢) showed absorbance peak difference at various wavenumber; those are 1075, 1296, 1321, and 1425
cm’. There is absorbance peak increasing from 0.2 to 0.3 at wavenumber 1075 cm™!, where Si-O-C and C-O bonds
are detected. This phenomenon showed that thermal annealing would increase nanosilica and polymer bond density.
Denser polymer bond was caused by condensation reaction between membrane and nanosilica. Absorbance at
wavenumbers 1296 and 1321 cm™ also increases from 0.3 to 0.4 after thermal annealing treatment, which shows the
increasing density of the C-O ether group and sulfone group, respectively. There is increasing bond density of the C=C
double bond in the polymer. With denser membrane after thermal annealing treatment would improve membrane gas
separation performance (Siier ef al. 1994).

Fig. 3 (a), (b), and (c) show the micrographs of the top layer of the PES-nanosilica nanohybrid membrane without
treatment, with 15-minute UV irradiation treatment and combination of UV irradiation treatment with thermal
annealing treatments, respectively. Fig. 3 (a) reveals a lot of white spots on the PES-nanosilica nanohybrid membrane
surface, which are probably the agglomeration of nanosilica on the PES membrane. Nanosilica is a nonporous material
that would block inlet gas flow in the membrane. Agglomeration of nanosilica on the PES membrane would decrease
CO, gas permeability and decrease CO,/CH, membrane selectivity and hence reduce membrane gas separation
performance. Fig. 3 (b) discloses fewer white spots on PES-nanosilica nanohybrid membrane’s surface. It is observed
in Fig. 3 (b) that UV irradiation treatment disperses agglomeration of PES and nanosilica uniformly.
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Figure 3. SEM images of nanohybrid membrane PES and nanosilica surface (a) without any treatment; (b) with 15-
minute UV irradiation treatment; and (c) with 15 UV irradiation and 10-second thermal annealing at 1800C treatment

Fig. 3 (b) and (c) show the reduction of white spots on the membrane surface before and after thermal annealing
treatment, respectively. White spots, which indicate the agglomeration of PES and nanosilica, in Fig. 3 (¢) are more
blur than those in Fig. 3 (b). This fact suggests that thermal annealing would reduce the agglomerate formations on
the membrane surface by initiating condensation reaction of PES and nanosilica.

Permselectivity performance in CO,/CH, separation based on this study and previous studies is compared with
the upper bound curve suggested by Robeson ef al. (2008), as shown in Fig. 4. Robeson’s upper bound is a curve that
shows the trade-off limit between the selectivity and permeability. The permselectivity performance of the membrane
should be high to reach the upper bound limit. Robeson and co-workers evaluated the upper bound relationship
between permeability and selectivity. It has been well recognized that only a few polymeric membranes exceed the
upper bound curve. In this study, only nanohybrid PES-nanosilica membrane with UV irradiation for 15 minutes
followed with thermal annealing at 180°C for 20 second surpassed the Robeson’s upper bound. All polymeric
membrane materials that surpassed Robeson’s upper bound are modified polymeric membranes. This result shows that
the proposed treatments in this study successfully overcome the shortcoming of the nanoparticle incorporation into the
polymer matrix. The modification also exhibited incredible improvement in CO,/CH, permselectivity performance.
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Figure 4. Comparison of CO, permeability and CO,/CH, selectivity of PES-nanosilica nanohybrid membrane
current research with other researches

CONCLUSIONS

The modification of PES membrane through UV irradiation increases the permeability of CO, and selectivity
due to the formation of free radicals and hydrophilic functional group on the membrane surface sites, in which
both properties are strongly depending on irradiation time span. The addition of nanosilica filler in PES nanohybrid
membrane promotes higher selectivity than that of pure PES membrane. The combination of UV irradiation and
nanosilica also increases nanohybrid PES-nanosilica membrane gas separation performance in terms of high CO,
permeability and selectivity. Thermal annealing treatment at 180°C for 20 seconds on UV irradiated PES-nanosilica
nanohybrid membrane shows remarkable enhancement in permselectivity performance that surpasses Robeson’s
upper bound.
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